The diffusion of plastoquinol and its binding to the Qo site of the cyt bf complex in the course of photosynthetic electron transport was studied by following the sigmoidal flash-induced re-reduction kinetics of P700 after previous oxidation of the intersystem electron carriers. The data resulting from these experiments were matched with a simulation of electron transport using Monte Carlo techniques. The simulation was able to account for the experimental observations. Two different extreme cases of reaction mechanism at the Qo site were compared: a diffusion limited collisional mechanism and a non-diffusion limited tight binding mechanism. Assuming a tight binding mechanism led to best matches due to the high protein density in thylakoids. The varied parameters resulted in values well within the range of published data. The results emphasise the importance of structural characteristics of thylakoids in models of electron transport.
Introduction
Photosynthetic electron flow involves the integral complexes of photosystem II, cytochrome bf, and photosystem I that operate in series via the mobile carriers plastoquinone and plastocyanin. In principle the problem of electron transport between PS II and cyt bf is equivalent to that of ubiquinol diffusion and its oxidation at the cytochrome bc 1 complex in bacterial and mitochondrial electron transport. However, in thylakoids of higher plants the two photosystems are laterally separated. PS II is located in the grana core whereas PS I is located in the grana margins and the stroma lamellae [1] [2] [3] [4] [5] [6] . As a consequence diffusing electron carriers, transporting electrons between the photosystems and cyt bf are required to travel distances of up to 200-250 nm between the centre of the grana and the margins. The two mobile carriers, plastoquinone and plastocyanin, are both diffusible carriers found throughout the thylakoids. There is no general agreement on which is responsible for long range transport.
Plastocyanin is a small water-soluble protein that carries its redox group well protected within the protein matrix whereas plastoquinol is a small lipid-soluble molecule that transports electrons on its surface. PQ has a high diffusion coefficient. Because of this it has been the favourite candidate for the long range mobile carrier [5] .
Most published models of electron transport assume a common plastoquinone pool shared by all PS II (one model considering possible consequences of thylakoid architecture on electron transport is the model of Mitchell and co-workers [15] ). A shared plastoquinone pool implicitly assumes fast plastoquinone exchange throughout the membrane. However, evidence was found against the notion of a common plastoquinone pool shared by PS II in the grana and those in the stroma thylakoids [7] . Furthermore, one has to take into account that the membrane in which it is diffusing is crowded with proteins that may act as obstacles (see e.g. [8] [9] [10] [11] [12] ). The first evidence for this arose from estimations of the diffusion coefficient for PQ in phosphatidylcholine lipid vesicles [13] . More recent measurements in thylakoids using fluorescence quenching of pyrene yielded a coefficient between 0.1 and 3 × 10 − 9 cm 2 /s, which is 100 times smaller than the coefficient in artificial lipid vesicles without proteins [14] . Particularly long range diffusion of plastoquinone in thylakoids may be severely restricted by the integral proteins. Further, it has been shown that such restricted diffusion may strongly influence kinetic rates [16] [17] [18] and the time course of enzymatic reactions [19] .
High concentrations of background macromolecules that do not participate directly in a particular considered reaction, like e. g. LHC II in electron transport, have been observed to induce order-of-magnitude or larger changes in the rates and equilibria of numerous investigated reactions [20] (for reviews on molecular crowding see e. g. [21, 17, 18, 22, 23] ). However, the contribution of crowding and diffusion limitation to reaction kinetics of electron transport is not only determined by the degree of crowding and the apparent diffusion coefficient of plastoquinol but also by the reaction mechanism (see also [20, 17, 16, 22] ). Thus it is necessary to investigate the effects of crowding on a biochemical reaction for each special case taking into account the specific features of the system. Therefore in the present work electron transport was modelled using a Monte Carlo approach incorporating realistic protein densities and shapes. The complexes consist of PS II with tightly bound LHC II [24] , cyt bf [25] , and free LHC II [26] randomly distributed within the membrane (see also [11] ). Plastoquinone diffuses between these integral proteins. For the binding mechanism two hypothetical extreme cases were investigated, tight binding and a collisional mechanism. The tight binding mechanism includes an irreversible binding of PQ to the Q o site of cyt bf before its slow oxidation takes place. The collisional mechanism implies immediate electron transfer after a successful encounter (see also [15] ). Both mechanisms lead to an exponential decay with the same rate constant k when diffusion processes are not limiting. In thylakoids however, where diffusion may be highly restricted, the two mechanisms were expected to lead to different behaviours. Therefore both mechanisms were tested with the model and the results compared.
The experimental approach to the role of the diffusion of plastoquinol was to follow the re-reduction of P700, the reaction centre chlorophyll of PS I, by electrons induced by a flash at PS II. This is a convenient method of accurately measuring wholechain electron transport. The rate constant of the sigmoidal reduction kinetics and the initial lag give information about the rate-determining oxidation of plastoquinol [27] and reactions preceeding this step [28] , respectively. The experimental data obtained were then compared with the results of the simulation. The measured data were matched by varying rate constants used in the simulation. A similar approach was chosen by Mitchell and co-workers [15] . Electron transfer at cyt bf was modelled according to an obligatory Qcycle as described in Methods.
Methods

Isolation of thylakoids from spinach
Leaves of 6 to 8 weeks old spinach (Spinacea oleracea var. polka) were used for the preparations. The plants were grown hydroponically at about 13-16°C with nutrients according to Randall and Bouma [29] . The illumination period was 10 h and light intensity (400-700 nm) was about 200 μmol photons m − 2 s − 1
. Care was taken that only leaves not shaded by others were used. Intact chloroplasts were isolated as described in [30] . Leaves of spinach were harvested at the end of the dark period to minimize their starch content. Thylakoids were freshly prepared from chloroplasts before every series of measurements. To obtain thylakoids, chloroplasts were shocked osmotically: chloroplasts were placed in hypotonic assay buffer (7 mM MgCl 2 , 80 mM KCl, 30 mM HEPES, typical dilution of thylakoid suspension to buffer solution: 1:75). After 60 s an equal amount of hypertonic assay buffer (7 mM MgCl 2 , 80 mM KCl, 30 mM HEPES, 600 mM Sorbitol) was added to obtain an isotonic assay medium. Chlorophyll concentration was usually 10-20 μg/ml. This treatment leaves the thylakoid membrane system quite intact (as indicated by an extremely low proton leakage when protonmotive force is built up [31] 
P700 re-reduction
The flash-induced kinetics of P700 re-reduction were measured between 820 and 870 nm with the Dual-Wavelength Emitter-Detector Unit (ED-P700DW, Heinz Walz GmbH, Effeltrich, Germany) in combination with a standard PAM Chlorophyll Fluorometer (PAM 101, Heinz Walz GmbH, Effeltrich, Germany). Saturating light flashes were applied with a single turnover flash lamp (XST-103, Heinz Walz GmbH, Effeltrich, Germany). Continuous weak far-red light of ca. 17 W/m 2 ensured that all the components between the two photosystems were oxidised between flashes. The background light was checked to ensure that it did not measurably increase the amount of oxidised P700. Twenty flashes were applied to the same sample and averaged. This was repeated with the same sample 6-7 times (e.g. 120-140 flashes). A time of 5 s between two measurements allowed for relaxation of the samples. The responses to averaged 20 flashes were then checked for ageing effects. Usually measurements of up to 100 flashes did not show significant ageing. The measurements were repeated with a fresh sample and another series of flashes applied. To obtain the data that were matched with the model the kinetics of three different samples were averaged. The frequency of data acquisition was 25000 Hz.
The data acquisition and triggering was carried out with the help of a LabVIEW-program (Laboratory Virtual Instrument Engineering Workbench, version 6.1, Copyright 2000 National Instruments Corporation). For the measurements a commercially developed program (von Kruedener und Danckwerts Meß-und Prüfsysteme, Kürten, Germany) was modified and further tailored to the measurements described in the present work.
Thylakoids were obtained by osmotically shocking chloroplasts. This procedure might lead to dilution of ferredoxin and in consequence to recombination between P700 + and reduced FeS acceptors in PS I. To check whether such recombination might influence our experiments we carried out additional experiments with DCMU. If a recombination between P700 + and FeS acceptors does not occur one would expect no decay of P700 + when electron transport from PS II is blocked by an inhibitor like DCMU. The P700 rereduction with and without DCMU is shown in Fig. 1 . In the presence of DCMU during the first 10 ms a decay of only about 5% of the P700 + could be observed.
The simulation
The basic simulation was similar to that described in [11] . However, the protein-objects were now extended to include binding sites for redox reactions. Similarly the plastoquinone (PQ)-objects were extended to have a state, reflecting their redox state. Only excluded volume interactions between the particles were considered.
The protein-objects
Accounting for the dimeric character of PS II and cyt bf each protein-object has a double set of binding sites. Due to the grid character of the simulation, the resolution was restricted to the distance between two grid points (i.e. 1 nm). Therefore the binding sites may be shifted somewhat relative to the body of the protein for different orientations of the protein within the thylakoids. To avoid a binding site becoming located within the protein itself the binding site was 
The plastoquinone-objects
The plastoquinone-objects were similar to the tracers used in [11] . Unlike the tracers, PQ cannot occupy the same vacant site on the grid. Furthermore the PQobjects were extended by the attribute 'state' that accounts for the different redox states of PQ. Each PQ can be in three states: oxidised, one-fold reduced and twofold reduced. Only oxidised and two-fold reduced plastoquinone were allowed to move. This takes into account that no free semiquinone is found in thylakoids. It reflects the finding that the dissociation constant of oxidised PQ as well as that of PQH 2 (i.e. two-fold reduced) is ca. three orders of magnitude higher than that of the singly reduced semi-quinone [32] . This may be caused by Coulomb interactions that stabilize the semiquinone at the Q B site, whereas the neutral forms (PQ and PQH 2 ) may leave the binding site easily.
Modelling electron transport
At each encounter between PQ and a binding site of PS II or cyt bf first a test was carried out to ascertain whether PQ and the binding site were both in the right redox state (e.g. PQ oxidised at an encounter with Q B , and Q B carrying an electron). The next test was for whether the electron was then actually transported. The rate constants of the single reactions were taken as the probability, p, for a reaction to take place. At an encounter between PQ and a binding site (both in the right redox state) a random number, r, between zero and one was chosen. If r < (1 − p), the electron was not transferred. Consequently, the smaller the value of p, the higher the probability of choosing a number that satisfies the condition and thus the electron was not transferred. A probability p = 0 always satisfies the condition and electron transport was not carried out. In turn, a probability p = 1 does not fulfill the condition and the transfer was always carried out. Assuming high availability of the reactants and no diffusion limitations, as is the case for ideal in vitro experiments, this behaviour results in an exponential decay corresponding to the rate constant (p).
As long as the sample was illuminated, Q A was assumed to always carry electrons ready for transfer at a successful encounter (i.e. saturating light conditions).
For the electron transfer at cyt bf an obligatory Q-cycle was assumed [33] [34] [35] [36] [37] . If FeS was oxidised and PQ two-fold reduced, electron transfer to FeS at the Q o binding site was carried out after a successful encounter. After successful electron transfer to FeS the transfer of the second electron of the plastoquinol to cyt b l followed immediately if the latter was oxidised [38, 39] . If cyt b h was oxidised, the electron was immediately transferred from cyt b l to cyt b h [38] . For the sake of simplicity the oxidation of PQH 2 at the Q o site was assumed to have the same rate constant regardless of whether there was reduced cyt b on the cyt bf complex.
If an oxidised PQ encountered the Q r site, an electron was transferred from cyt b h to PQ if the encounter was evaluated to be successful. The now singly reduced PQ was not allowed to move and it stayed at the Q r binding site until the second electron transfer took place. This was the case when cyt b h was reduced again and if the encounter was evaluated to be successful according to the rate constant for electron transfer at the Q r site. The rate constant for both electron transfers was assumed to be the same, regardless of whether PQ was oxidised or singly reduced.
Electron transport between the Rieske-centre (FeS) and P700 was treated as a 'black-box' and one equilibrium constant was used to describe the redox state of FeS and P700.
Data fitting
The simulation allows certain parameters to vary in order to match experimental data on redox experiments. Parameters that may be varied are the rate constants of the following reactions:
and k 2 is the dissociation of plastoquinol. The rates of electron transfer at the Q B binding site are reasonably well known. Therefore, the rate constants for the first (k 0 ) and the second electron transfer (k 1 ) at PS II were chosen to be 6670 and 2500 s − 1 , respectively. These values are within the range of those given by Diner and co-workers [40] . Assuming free plastocyanin diffusion the equilibrium constant K 5 can in principle be calculated from the equilibrium constants for the following reactions:
However, values for K a , K b , and K c as found in the literature, vary greatly. For K a values can be found between 3.2 [41] and 18 [42] . Values for K b vary between 1.0 [43] and 10 [44, 38] . Finally, values for K c range from 5 [45] to 87 [46] . This yields a range of values for K 5 from 16 to 15660. A collection of references to these equilibrium constants can be found in Berry and Rumberg [47] . Nevertheless, the redox state of P700 only declines to ca. 80% (i. e. P 700 / P 700 + < 0.25) during the first 10 ms. Therefore, electrons will nearly always (99.8%) be transferred from the Rieske centre to P700 if the equilibrium constant K 5 is larger than about 150, since P 700 /P 700 + /K 5 < 0.002. The remaining free parameters (k 2 , k 3 , k 4 ) were varied to find the function that leads to the least sum of errors squared when compared with the experimental data. k 2 was allowed to vary between 200 and 5000 s Two different algorithms were used to vary the parameters: a genetic algorithm and an algorithm according to Powell [48] . Genetic algorithms, when properly implemented, are capable of both exploration (broad search) and exploitation (local search) of the search space. They are particularly useful if the function to be optimised has several optima. In this case a classical algorithm such as Powell's may get trapped in a local optimum instead of finding the global optimum. However, genetic algorithms are relatively slow. Thus it is convenient to combine both approaches. Fig. 1 . Observed P700 re-reduction in thylakoids as described in Methods (−DCMU). Experiments with DCMU were carried out to check whether recombination between P700 + and reduced FeS acceptors influences our measurements.
The implementation of the Powell-routine is described in [49] . In the present work an algorithm was used that enabled the choice of intervals within which the varied parameters were changed. This extension of Powell's algorithm was kindly developed by Thomas Strauß.
Genetic algorithm to do optimisation
A genetic algorithm creates a population of solutions based on the fittingparameters. The algorithm then operates on the population to evolve the best solution. All fitting-parameters together build a chromosome where each single fitting-parameter relates to a gene. The genetic algorithm determines which individuals should survive, which should reproduce, and which should die (see Fig. 2 ). This relates to the fitness of an individual, which in turn corresponds to the sum of errors squared (the larger the sum of the errors squared the less fit). Typically a genetic algorithm has no obvious stopping criterion. Often the number-of-generations is used as a stopping measure. Other typical stopping criteria are the fitness-of-best-individual or convergence-of-population.
For the problem addressed here the 'steady-state genetic algorithm' was chosen. It uses overlapping populations with a user-specifiable amount of overlap.
The algorithm creates a population of individuals. In each generation the algorithm creates a temporary population of individuals, adds these to the previous population, then removes the worst individuals in order to return the population to its original size. The amount of overlap between generations can be chosen by specifying a replacement parameter. Newly generated offspring were added to the population, then the worst individuals were destroyed (so the new offspring may or may not make it into the population, depending on whether they were better than the worst in the population).
Starting conditions and settings
The stoichiometries used were the ones calculated in [11] : PS II : cyt bf : LHC II = 2.56 : 1 : 14.12. Additionally two PS I (monomers) per PS II (dimer) were assumed. The acceptors of PS II function as a two-electron gate. Therefore under steady-state conditions one half of the acceptors will stay as a semiquinone at the Q B site on PS II after a saturating light flash while the other half produces PQH 2 . Accordingly every second QB site (randomly chosen) has a bound PQH 2 that is released after dissociation has taken place. No free diffusing oxidised PQ was modelled to save computing time. However, free, diffusing PQ was not expected to act as an obstacle to PQH 2 migration or have any other significant influence. For cyt bf it was assumed that the state with one reduced cyt b is stable within the measuring time. This is in agreement with the observation that one quarter of cyt b is reduced in the steady-state (note that each cyt bf contains two cyt b) [50] . The other components are oxidised before the flash [51] .
Since calculation and fitting of the curves are computationally demanding and take a long time, only the first 10 ms of the measured curve, the most interesting part regarding the diffusion of PQ, was fitted.
Results
P700 re-reduction was measured to investigate whole-chain electron transport (Fig. 1) . To obtain quantitative information about rate constants involved in photosynthetic electron transport, rate constants used in the model were varied to match the experimental data. Two different mechanisms at the Q o site on cyt bf were compared: tight binding and a collisional mechanism.
Parameters that were varied are k 2 (dissociation of PQH 2 from PS II), k 3 (PQH 2 oxidation at Q o ), and k 4 (PQ reduction at Q r ) (as described in Methods). Other rate constants involved are reasonably well known and therefore these values were not varied but taken from the literature.
Tight binding mechanism
For the tight binding mechanism an irreversible tight binding of PQ at the Q o site of cyt bf was assumed followed by the slow oxidation of PQ.
Assuming there is a tight binding mechanism, a good fit to the measured data could be obtained (see Fig. 3 ). An occupied area fraction of 0.70 was chosen corresponding to the value estimated for grana thylakoids in [52, 11] . For the conditions used in the simulation, this area fraction is above the percolation threshold and hence diffusion domains bounded by the integral photosynthetic proteins are formed. PQ can diffuse more or less freely within these diffusion domains but cannot leave them [11] .
The parameters resulting in the best fit were well within the range of published data measured on thylakoids (see Table 1 ). The lattice size was chosen to be 400 nm × 400 nm (with periodical boundary conditions). This size corresponds to the size of the grana core. The lattice size was relatively large and inhomogeneities caused by the random distribution of the proteins should be minimised. However, the exact values of the rate constants depended on the configuration of the proteins. Three different random protein configurations were investigated and parameters varied to match the measured data (see Table 2 ).
Interestingly the different parameters varied to a different extent. Whereas k 3 was within a small range for all configura- tions investigated k 4 varied to a great extent. This is not entirely unexpected since k 3 describes the oxidation of PQH 2 at the Q o site on cyt bf which is agreed to be the slowest step of whole chain electron transfer. Thus electron flux was expected to be very sensitive to this parameter. k 4 describes the reduction of PQ at the Q r binding site on cyt bf. It does not seem to play a major role in determining the measured curve. This was probably due to the low probability of a PQ finding a cyt bf carrying two electrons when only one saturating light flash was applied. Consequently the simulation was not expected to be very sensitive to this parameter.
To investigate the influence of the protein density and hence the retardation of PQ migration, the simulation was repeated for an occupied area fraction of 0.60, which is below the percolation threshold.
As with an area fraction of 0.70 good fits were obtained (see Fig. 4 ). However, the rate constants obtained were not in good agreement with published data. To match the experimental data the reaction at the Q o site would need to be very slow (k 3 = 100 s − 1 , the lowest value allowed in the simulation). This is probably to compensate for the much faster 'finding' of the binding site due to the less restricted diffusion of PQ.
To elucidate the effect of restricted PQH 2 diffusion a hypothetical extreme case was also investigated (Fig. 5) : an area occupation of 0.70 was chosen but it was assumed that the proteins do not interfere with PQ diffusion (i.e. that they are permeable to PQ). For PQH 2 oxidation the same rate constant (k 3 ) was obtained as for 0.60 area occupation (see Table 1 ). Additionally a slow dissociation from PS II (k 2 ) was obtained in the simulation (> 4 ms) to account for the measured slow decline in the amount of oxidised P700. However, as can be seen in Fig.  5 , the simulation does not match the experimental data well. At short times the simulated curve declines too slowly.
The initial lag (about 2 ms) before the steeper decline in the amount of oxidised P700 starts, may be caused by reactions preceding the oxidation of PQH 2 [15] (i.e. dissociation and diffusion of PQH 2 and possibly time spent at the Q o site before being oxidised). Fig. 5 illustrates that this initial lag would be much too pronounced if the dissociation constant were as low as the one obtained in the simulation with proteins not restricting PQ migration.
Collisional mechanism
In the collisional mechanism it is assumed that electrons are transferred immediately at a successful encounter. The reaction constant determines the probability of an encounter being successful. This mechanism reflects a more diffusion limited scenario compared to the tight binding mechanism.
In this part a collisional mechanism was assumed instead of the tight binding mechanism. As can be seen in Fig. 6 good fits were obtained. However, the resulting rate constant for oxidation of PQH 2 at the Q o site (k 2 ) was more than two orders of magnitude larger than that found in the literature for thylakoids (see Table 1 ). Accordingly the simulation predicts that a collisional mechanism would require rate constants for isolated complexes that are about 100-fold higher than those measured on thylakoids. Similar investigations were carried out for an occupied area fraction of 0.60 and proteins that do not interfere with PQ diffusion (permeable) but it was not possible to match the data with reasonable rate constants (data not shown).
Discussion
Detailed knowledge of a great deal of rate constants of photosynthetic electron transport in thylakoids is available. Despite this, the mechanism of how the electrons are actually transferred is in many cases still unknown.
In the case of restricted diffusion it has been shown that depending on the reaction mechanism molecular crowding may induce order-of-magnitude or greater changes in rates and equilibria of reactions [20] . This may also be the case in thylakoids where about 70% of the space is occupied by proteins [52, 11] . Restricted diffusion together with impeded mixing of the substrate, i. e. PQ, may severely influence reaction constants [19, 17, 18] . However, in some photosynthetic bacteria such as Blastochloris viridis or Rhodospirillum rubrum light harvesting complex 1 (LH1) form closed rings surrounding the reaction centre (RC) [53] [54] [55] and it is still under debate whether this hampers diffusion of ubiquinol to the RC. Comayras and co-workers [56] only found a moderate effect of such a barrier on turnover rates in the PufX− mutant of Rhodobacter sphaeroides that displays closed rings of LH1. Comayras and co-workers arrived at the conclusion that crowding of membrane proteins is not the main reason for restricted diffusion of quinone within the membrane. They propose that confinement of quinone is rather associated with the formation of quinone-rich regions around proteins as RCs or cyt bc complexes. However, it is not clear how quinones are distributed within the membrane and whether their distribution is the same in bacteria and higher plants. Proteins and their organisation in thylakoids of higher plants differ considerably from those in bacteria. In higher plants the two photosystems are separated which leads to the requirement of PQ diffusion across the membrane over distances of more than 200 nm after taking up two electrons at PS II. Furthermore, there is evidence that in higher plants diffusion of PQ is severely slowed [13, 14] .
Of course this could also be due to the formation of a quinonerich phase within the lipid membrane but today there is no evidence for such phases in higher plants.
P700 re-reduction was measured and the data were matched with a simulation of the thylakoid membrane using best fits. In a crowded membrane it is possible to distinguish between reaction mechanisms that are indistinguishable in dilute media. We investigated two hypothetical extreme cases of reaction mechanisms of the electron transfer at the Q o site on cyt bf: a diffusion limited collisional mechanism, where electron transfer takes place immediately at a successful encounter and a tight binding mechanism where PQ binds irreversibly before its slow oxidation takes place.
In summary, the experimental data were best matched when restriction of plastoquinone diffusion was pronounced (area fraction 0.70) and a tight binding mechanism was assumed. Lower area occupations or the assumption that proteins do not act as obstacles to PQ diffusion did not agree with published data on reaction constants. In these cases the rate constants obtained in the simulation (reflecting isolated complexes) were much slower than those taken from literature measured on thylakoids. This is in contradiction with the expected deceleration of rate constants in crowded membranes like thylakoids.
Rate constants in a crowded membrane
Our results clearly point out the importance of structural characteristics of thylakoids in models of electron transport. An influence of diffusion processes on reaction rates is also reported for the activation of transducin by rhodopsin [57] . Higher concentrations of reactants are expected to lead to a decreased rate of reaction by lowering the diffusion coefficient of the reactants (here only PQH 2 was considered to be mobile but this does not alter the principal results). On the other hand, they also lead to an increased reaction rate by the law of mass action. The law of mass action, however, relies on strict assumptions concerning, for instance, the characteristics of the reaction medium, which must be dilute, perfectly-mixed, and , and k 4 = 49562 s − 1 (nomenclature as described in Methods). , and k 4 = 369 s − 1 (nomenclature as described in Methods).
homogeneous [19] . These conditions are certainly not fulfilled in a membrane close to the percolation threshold where diffusion of PQ is severely restricted. In a crowded membrane the apparent rate constant becomes fractal and decreases with time according to k(t) = k(0)t −h for t → ∞ with the fractal kinetics exponent h [58] . The classic Michaelis-Menten formalism is thus a special case of a fractal reaction that corresponds to h = 0. The time dependence of the reaction constant increases with increasing obstacle densities [19] .
Towards the end of the measured time range a diminished rate of P700 re-reduction may be seen in Fig. 1 . This slowing might be caused by a progressive decrease of reaction rates caused by the fractal effect. Accordingly, also all simulations with an occupied area fraction of 0.70 show a slightly slowed re-reduction towards the end of the simulated time range. Compared to the measurements slowing is more pronounced for the simulations. However, the measured re-reduction of P700 might be slightly overestimated due to recombination between P700 + and reduced FeS acceptors in PS I (less than 5% as may be seen in Fig. 1) . Interestingly, the rate of P700 re-reduction is diminished stronger for the collisional mechanism, which is in line with the stronger effect of crowding on diffusion limited reactions. Concordantly, the simulation assuming proteins as permeable to PQ diffusion does not show slowing of P700 rereduction and hence cannot match the experimental data.
It has to be noted that the rate constants used in our simulation do not reflect the overall apparent rate constant but rather the probability for each single reaction to take place at a certain timestep. This is comparable to the rate constant in dilute media.
Collisional mechanism -a diffusion limited reaction
Experimental data could also be matched under the assumption of a collisional mechanism and an occupied area fraction of 0.70. However, in this scenario the simulation predicts rate constants of reactions on isolated complexes (k 3 = 48800 s − 1 ) that are at least two orders of magnitude faster than those measured in thylakoids (k 3 = 305 s − 1 ). This seems unlikely since rate constants for the reactions at the Q o site on cyt bf measured on Chlamydomonas reinhardtii in vivo and in vitro are very similar [59] .
The required fast reaction constant in the simulation can be explained by the diffusion limitation. In the case of diffusion limitation the rate constant in the simulation was composed of the probability of finding a binding site (diffusion limited) times the probability (k i ) for an electron transfer to take place (see also [21, 20] ). The value for k 3 found in the simulation however, refers to the rate of the actual electron transfer. To match the rate constants found in the literature (305 s − 1 ) this would require a probability of about 1:160 for a PQH 2 to meet a Q o binding site compared to the dilute case. Further, if a collisional mechanism were indeed the case, it is expected that the k 3 -value for the actual electron transfer at the Q o binding site found here (k 3 = 48800 s − 1 ) would equal that measured in vitro where no diffusion limitation occurs. This however was not the case. The rate constant found in C. reinhardtii is 250-300 s − 1 [59] and thus is within the same order of magnitude as the in vivo rates. Equal rates in vivo and in vitro would fit better with the tight binding mechanism (reaction limited and not diffusion limited).
It should be noted that in the case of a collisional mechanism the resulting rate constants were much more sensitive to the protein configurations than in the case of the tight binding mechanism. A factor of two was found for different starting conditions (not shown). Due to the diffusion limitation it was important whether or not a PQH 2 had good access to a Q o binding site. However, rate constants resulting from other configurations were still not satisfying.
4.3. PQ oxidation at the Q o site of cyt bf in a heavily crowded membrane is expected to be reaction limited rather than diffusion limited
In summary it seems that a collisional mechanism was not suitable to describe the measured data on P700 re-reduction kinetics while a tight binding mechanism led to good fits with rate constants in agreement with the literature.
It should be noted that the tight binding mechanism and the collisional mechanism are both simplifications. More generally, reactions should be described by the rates of binding (k on ), unbinding (k o ) and the internal electron transfer rate (k 3 ). However, no firm figures exist for plant cyt bf complexes. Therefore the simplifications of a tight binding and a collisional mechanism were introduced, reflecting two extreme cases.
Despite the simplifying assumptions about the reaction mechanism, our work clearly points out that the spatial organisation of the proteins within the thylakoid membrane may severely influence photosynthetic rate constants. Hence, more information about the thylakoid organisation is required. Furthermore, our results suggest that PQ oxidation at the Q o site of cyt bf taking place in a heavily crowded membrane is expected to be reaction limited rather than diffusion limited. If a diffusion limited reaction were the case great differences between apparent (fractal) rate constants and rate constants found in dilute solutions in vitro are predicted. Unfortunately, data for rate constants of photosynthetic electron transport measured on isolated complexes are sparse and more data would be needed. However, isolated complexes may suffer the loss or modification of subunits and show severely artificial kinetics.
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